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PHYSICAL PRINCIPLES OF RLECTRIC-SPARK METAL-WORKING

FIRST LINE OF TITLE
Be. R, lazarenko, Dostor of Technical Sciences

Bvery year more nnd more invostiptél)rl devote themselves to the study of the |
l
phenomena accompanying the passage of anjeleotric current through a gas in 1nitnll

I
state at normmal temperature and pressu.ro? In addition to using steady-state electiri~

cal processes, the phenomena aocanpany:ln# nonsteady forms of electrical discharge |

in gases and liquid, electric-spark discharges in particular, are subjeoted to
l
intense study. ]

i

!

!

From the results of these 1nvut1gn%iom a new branch of technology orig;lutcf

and is being successfully developed. It is called electric-spark metal-working |

|
and is based on the use of the phenocmenon of electrical exosion of metals in a l
i : l
pulsed discharge. | i
An electric-spark discharge occurs $n1y at very high electrical-field ltroncth.
‘ |
! \ !
" obaracteristic. The resistance of the -éu-k channel varies according to a nonlino'ar

i lasts only 10-3 sec or less and is charadterized by a falling volt-sempere

I law, thus causing the rate of buildup of;the current in the circuit to fluctuate :

;, from 104 to 10° aup/sec. The amplitude values of the current and the power outputh

' ! I

5 5
| that can be achieved in an electric-spark discharge cannot be obtained by any oﬁjr
R | A ———
methods. The temperature in the spark channel is close to the temperature of the |
T vt ! z-——
L 1 ‘ }—
; The fissioning action of the pulse Ji' 80 great that all the chemical o{,-nuj

- storwmere T T T T T T stopmEe T
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?I?QT Tj'% b?g; 4n the interelectrode medium and in the electrodes produce an

-
|
| | |
. Atoni.c spectrum. The place of qpplicaﬁ?n of the pulse is always strictly |
! looh:lzod on both electrodes. In an elo+tric-apark discharge the material of the }
I
|

I
If the anode is a very thin conductdr of ourrent, e.g., a metal foil, a beam |

|
} u\odo. in the overvhelming majority of cases, is more intensively consumed,
i
1 of electrons striking its surface piorces: it easily and continues its path in the l
i transanodic region., In this case the nnédo Plays the role of a peculiar accelomting
. grid. Only a very small quantity of onefy is expended on the breakdown of a thinl .
{ anode, couoqmntlelfstThle“ flsgtjg; beanm, Tlthough moving in the transanocdic rogion.:
still possesses a very large energy nsofvo. Therefore, vhen it encounters any l
substance whatever in its path, the electron beam, by striking it, will produce g
considerable work. ? [
If the anode is a fairly thick meta]l. plate (albeit only several millimeters {
thick), a beam of moving electrons will lpo abmptly stopped by the solid metal !
i

surface. In this case all the docelenti:on energy of the electrons is liberated

|

; in the surface layers of the anode, Sim%o the power output in this case is tcirly]

| high, a directed explosion of the sootioziz of the anode receiving the pulse oocurl.l

; During the time of the electrical oxplos:flon all the molten metal, as well as all E

| the softened metal, is ejested out of thio beaker containing the damaged volume :

| of metal., It is precisely this phomonﬁn that is used in industry. (

! From the time of our first publiutm concerning the discovery of this uth*‘
! ' great attention has been given to its dchlopmt not only by scientists of the !

1 USSR, but also by investigators and mdtrxan-u abroad (e.g., & special mtitu!fo

| was cratod in Japan), l |

- -
‘ uong foreign scientists various point- of view developed concerning tho |
— o
|-mechanism of the metal-ejecting pmouug oseurring as a remilt of the actign of |
e ‘ —=
‘o B, ll. Lasarenko and N, I, lLazarenko, lhctriul Erosion of Metals. Go-mr_p:__lfrt.
i ' | 19).1;
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‘ | One group ( Vo M, Williams, USA et ?1 +) starts from the premise that a

!

! dialcroto portion of metal is separated t+'cn the entire mass of metal as a result

; of the action of the electrical-field fo%cu and that in this case the detached
] particle does not even melt. According to Williams, the forces detaching the
{ particle from the mess of metal develop ,Ls a result of the extreordinarily high
| surrent density in the point aone of tho!-nrtuoo of the material being worked
and, conseqently, from the high potentigl gredient snd the field forse on the

FIRST LIME CF TITLE
positive ions of the crystal lattice. ‘1'+o magnitude of the electrical-field fors

1
l
|
l
|
|
|
!
i
l
I
|
I
l

is estimated by the author from the de t?. and area of the crater which forms, as |

|

well as from the magnitude of the dischafge current, Williams claims to have ‘
. l

obtained guantitative ratios which are 1* fairly satisfactory agreement with the |

| , |

sxperimental data, i |

The supporters of another theory att;rj.buto the mechanism of electric-spark !

|

working to the occurrence of mechanical forces. For exsmple, N. Mironov and |

I, Pfau (Switzerland) assums that in tho:cuo of an electric-current spark pulse l

it is difficult to speak of a measurable/temperature or of a thermal effect in tho]

z |
ordinary sense of the word, since everything happens instantaneously and in too

l |

i concentrated a fashion. In their opinion. it is more accurate to call this prooull

& "hyperthermic shoock®, since we are doaling with an extremsly localized noohaniul.
|

! action, wvhich shakes the metal with such,-foroo that it causes a tearing away, an l

| |

. explosion or freeing of the metal partio]l.u. before thermal propagation of the {

| discharge can take place on the lower lm}on of the metal. i

| We shall not evaluate all the thooriu explaining the mechanismm of ejesction l

5 [ — _{
ot utal by electric-current spark pulu& but shall just make certain rcnrb

r

—-esoneerning the assertion of Willimms that during a spark pulse the material: u—tup

. off without ultug. This assertion oon}ndiot. an overvhelming number of = j

F—--1 ]

| experimental data. The products of electric-spark omton_n_lv_a_yl an_o . :pbgriulj
STOF HESE 4 STOP HERE
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Lﬂmﬁv%?%r“tw solidified drops,which can readily be proved by any method,;

| Pov’ormtallnrgiul and very brittle m+or1ala oconstitute an exception to this
|
| gonlhal rule. They simply disintegrate +ndor the action of a current pulse.

|
!
|
|
{ Williems conducted tests on one of thue:mteriall - tungsten carbide. !
! The largest group consists of thouItoroign scientists who share our views ;
| . |
i
L

! concerning the physical phenomena occurrilng in the interelectrode space and on the

? electrodes during the passage of a spnrk}p\;lse. Utilizing the most recent nh:l.ovo'

l

l
| ments of measurement teshnology, we were able to describe a whole complex of basip

| FIRST LINE OF TITLE
| characteristics of an elestris-spark dis+hargo in a gas or liquid dielectric and t{)
| construet a model of the process of ojoot;ion of metal by a spark pulse of an I
|
5 electric ourrent in such a way that it agreed fairly well with the experimental |
' e A g ] I
| datae e { fr l
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| T
|_¥irst of all it vas establ t
J] IRST HNE 8% of ’ established h’t the passage of an electrical puln is |
I

nooo-plilhod in two phases. The first o* these phases -~ the [xreparatory phase --{

| lasts from 10~7 to 10-0 sec and conuat-}of ionization of the dielectric located |

R

I
, betveen the electrodes and formation of the through-conduction channel, The second

) l
| phase consists of the transmission, vith|the aild of thia channel, of the energy !
|

stored in the system, ’ i

|

The mechanism of the passage of an ¢lectric current through a liquid dislectris

FIRST LINE OF TITLE
particles suspended in the gimid are dr?wn by the action of the field into the

region of maximum intensity (Fig. la). '

detaches itself from the cathode and heulls for the anode through the partisles

suspended in the liguid, evaporating and% ionizing the liquid in its path, The

J
force of the ions, which decrease its oress section and guide its movement, i.e.,
as a result of the astion of the oloctrox’nic-optical Phencmena the moving electron

beam is "unwound" from the surrounding space (Fig. 1b).

the ligquid is rent asunder. The ruultiﬂ’xg space contains steam, gas, plasma and

the elactron bean (the investigation proceeds from the walls of the veasel

i

H
[}
l
I
t
!
t
|
|
|
|
l
¢
| electron besm, moving behind the streamel, is subjected to the radial compressive
|
|
!
f
|
I
!
|
|
l
| containing the liquid to the discharge axis). The temperature gradient is very
)

biah (of the oxder-ef 10,000°)e The fom::u arising in the case of the liquid,

|
I
|
l
!
l
|

|

Thus at the moment the atresmer approaches the anode the working volume of l
|
!
|
!
|
I

i ltm and gas are directed awvay from theldischarge, while those arising in the {

1

l
" case of the plasma and the electron been|are directed towards the discharge axis. |

i
'

T ! P
' sum5 the formation of these processes in the interelectrode space takes 10-7 to_:}
 ante —— 4 # 4 —

JLO‘8 nc and, consequently, is of explosive character, a shock wave arises ?nd

L-bogini to propagate in the liquid (in th& plane perpendicular to the ducmp————{
R— —_ {
uu)é ! z

B SO o B
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HIRST L“\Ehap m—ctromr reaches the anodé, the through-conduction channel forms,

|
| and| through this channel the electrical system, with a spurt, liberates the energy

i
!
!
|

| vhi'r.h it has stored up. At the same tm‘r enormous forces are liberated in very |
S

!

|

l

I

. |
l small working volumes, The current pu1'+. traversing the interelectrode space,

. I causes the appearance of an extremely sti:ong magnetic field. As a result of the

|
| action of the electrodynamic forces vhict!; arise the ions begin to move towards the
g discharge axis at high velocities., A cohoquonce of this directed motion is the

conpression of the electron beam. (ao-called pinch _effect). showm in Fig. lc and thol
FIRST LIME OF TITLE

I
very sudden increase in the temperature qf the current-conducting channel (a

phenomencn recently established as a re:+1t of work done under the direetion of

Acsdemican L. A, Artsimovich), |

l
I
l
l
l |
The surface of the anode receiving the current pulse undergoes a number of !
|
|
|
|
|

important transfomations. The impact oif the electron beam on the hard and cold
metallic surface causes mechaniocal mptu;ro of the crystals in the metal. As a
result of the fact that the length of thé entire process of the passage of the
electric current is very small, the oloc|rmn beam is ablf to melt and bring to a 4

very high temperature a certain volume o;f the anode, Since in this case the curroLt

|

densities reach a value considerably exceeding the value at which the mechanism of
|
conduction by free electrons operates, the electro-dynamic forces eject into the

i
interelectrode space all the melted and ;aoftonod volume of metal (Fig. 1d4).

through a metallic condustor, its passage always involves selective removal of the

. material of the comductor). ||

! I
i

l

I

I

|

(It is xnown that if an electric currontloxcooding a certain critical value flows |
' l

l

I

l

| Since the passage of the current is‘not yot complete, the strongly heated

-5 § - —

; _bottap of the anode beaker, from which tim metal is ejected, enters into a , |

1

-chemiGal reaction with the extremely hotlph-n. The new chemical compounds-that-

}_____ ! PR ‘
F“m dziftun deep into the anode under the action of the ocurrent., The dro§ .‘
- — ] ] e

|
| detaching itself from the ancde is accelerated, enters the zome of very high
STOP HERE ST_OP HERF
- 6 -
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l__'lmp;ratm.'oL begins to boil and bursta. lHowovor. at thia nanont tho olectriul

l FIRST LINF OF TEXT
cimu:lt is broken and, consequently, thol passage of the electris current ceases

in rtho interelectrode space (Fig. le). Obvioully at this moment the ligquid
adchont to the gas space also reaches 1‘” maximum value; vapor and drops of
exploded metal are flying around in the Egu space; the surface of ths beaker on
the ancde is heated to a temperature close to the boiling point,

|
At the next moment, since the pasugo of the electric ourrent in the

|
I
1
|
|
{
!
:

interelectrode space has coased doioniz:ation and dostruotion of the gas space

" will begin (Fig. jRST PRt

1
the fact that the strongly heated bottom;

}
metal surface will take place, thus ludi:ng to a change in the structure of the
!

metal .

It is thus that the complex proceufof the passage of an electiric-current

aspark pulse through a liquid can be described in the first approximation.
f !
i

| More than fifteen years ago we statod that there are no materials, nor can

| there be any, which are capable of with-hnmng the action of an electrical pulse.

; During the entire intervening period nonb of the investigators working in this
! !
, field vas sble to establish even one exception to this rule.

- _‘i‘ho initial physicochemical pmportiu of the working electrodes are

e - 4

oonu%onbly changed. Metallographic, oI[:-h.l. spectrographic and X-ray

§

Haiffréotion measurements identically utnlbluh that every time the metal reéeives-

apu'k pu.lau nev chemical olqnnt-. nev ihuu. uppur in its composition. 'The l

" STOP HERE STOP HEFE
- 7 -

e

] lmlraullic shock wave 'was directed away from the
|
can oscur, Vapor and drops of flying m?al, landing in the liquid, will cool and
gase, the solid forming during cooling nﬁst have a minimun surface. Consequently,
|
all the fractions of the dispersed part:l?lea will assume a spherical shape. Due tp

of the bowl thus formed is surrounded by

a large mass of cold metal and is mhed‘by cold liquid..yery rapid cooling of the

center of the discharge, in the final phase of the process explosions of the liquig

|
l

fall to the bottom of the vessel, Since:surrace-tonsion forces are aoting in this

|
|

l
|

|
|
l
|
|
|
|
|

|
|
|
-
_‘
a

}
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|
L-un forming as a result of the action of spark pulses always consists of metal
FIRST LINE OF TEXT l

(qunnt:lty of carbon black if the pulse

I pwrlor froin the electrodes and a certain
| occ‘Llrrod in a liquid medium ®ntaining c%rbon. The size of the particles forming
can vary from colloidal dimensions to lpiuroa several millimeters in diameter.

|
The largest of them are often found in the interior of the cavity.

+ of a pulse in closed vessels containing fanll volumes of liquid these vessels

! |

| burst, even if they are made of strong steel. In the case of larges volumes of

: FIRST LIME OF TITLL 7

' liquid (of the order of many liters), dus to the comparatively low propagation

: .
velocity of the shook wave and the appeafuwe of the process of negative pressure

in the final phase, the strength of comparatively thin metal walls is already

! sufficient for the reseption of the wavo{ thus formed , 80 that only a vibration
of the walls of the vessel occurs, l

1

]
|
I
I
l
I
|
l
!
The force of the hydraulic shock th,Lt occurs is such that during the paassage {
' i
I
|
|
|
|
l
|
i
|
i
All the processes considered are valid only for electric~current spark pnllul

l
!
l
!
[
|
c
t
|
3
i
|
|
l
|
}
| |
| As soon as the duration of the pulses ugoedl the above-mentioned limit 0.0'3 uo).,‘
{ electric-arc pulses appear, and the y»t'ct{;.tro of the processes changes abruptly. ;

| The most serious consequence is the dismption of the self-focusing of the discharge;
|

; it "cravls apart" along the surface of tho anode, Moreover, the beginning of the l

1

, intense action of the ion processes caus;e. the surface of the electrode to be

f heated 80 strongly that it melts, Honoo? it is clear that in order to carxy out,

1
discharge is suitable, and the ponibil:l;ty of the appearance of the arc form muat

l

|

' I

for exsmple, dimensional working of metals, only the spark form of an electrical |
|

!

l

' be eliminated.

'
i

Duorving of attention are certain ﬁmtitativo relationships chancterizing[

' doctrio-put erosion of metals. It has bem established by experiments that .

P

n_.oloctncal-onorcy pulses with the same chanoteriatics are capable, all other _. 4

cdid“i%ions being eqral, of ejesting fm} the anode different guantities of ﬁo‘"til"4v

| dcponging on the chemical cawoaition of the metal. Comparative data oomrnmg

— . e e e v ]

STOF HERE _ STOP HERE
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Fﬁh ; -Aumber of pulses required for the ojpotion oflcn3 of anode material are

| g:l.v‘pn in the following table. :

T”"“_""”'*“‘"— o

!
!
|
I
! |
. | || Anode matertal Total Anode material Total I
| . number of number of |
i pulses pulses !
' o

| Tin 8,064 Copper-graphite com- |
! Bismath 8,316 position, type Mo-2 52,800 |
} Leed 8,484 Nickel 63,210 |
Cadmium 8,736 Steel Kh12M (red hot) 71,190 ‘
Aluninum 9,240 Iron 102,270 |

Zine - -- 93786 - — | - Molybdenum- - 125,580
Brass LS-59 '"*TIUNE G 1580 Grephite 191,520 |
Copper 52,500 |
|
l
|

A change in the pulse parameters will cause a change in the total number of

{ b
pulses required for the ejeotion of 1 cm,3 of anode material, but will not change the ’
' E

order in which the materials are arrango%l in the table. |

It has been shown experimentally thl;it if we take pulses with identiocal onory!.
the quantity of material ejected by themj depends with mathematicalascurascy on the

’ total number of pulses and is deteminodfnry accurately by the equation:
| ) {

¢ = kEn,
: vhere ¥ is the quantity of ejected mte?hl in g/sec or ana/uc. E is the energy

. of a single pulse in w/se:, p is the pulse frequency in sec, and k is a
1 proportionality factor determmined by thoi physical constants of the electrode

! material, by the composition of the medilmm and by the length of the pulse,

|
|
|
|
I
|
|
i
|
|

The cycle of operation of an o'loctrélcal system generating spark pulse can
" be expressed in the first approximation by the following equation (T=tptteHgtte,

i vhoro T is the total time of the cyole, t is the preparatory time, during which l

— | 5 ——

tho n!stcm accumilates energy, te is tho’ formation time of the thmu@:-conductgog{
|

chm. t, is the actual operating tmn!. when the system gives up its acoumlated

g._._.._ __._.__J‘
‘ onory. thonby cauu.ng material to be ouectod from the electrodes, and ty 1. the
1 1

| ‘
| time during which the medium restores its electrical stremgth, @,
STOP HERE STOP HERE
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—!_The spark can be characterized analytically by a rectangular current pulse
‘LEIRST LINE OF for yt i P

{
w:ltP a time length t, Consequently, tholonory of the spark W can be enloulated !

!

l Il
| from the formulas L, ! S |
| i | W=SP,dt=peg[am].v ’
! [ .' .
1 b
|

vhere P, is the instaantaneous power.
i ’ .
A ochain of sparks asucceeding . sach other through o nstant intervals of time ‘l".é

I i
| under the condition that T»> t, will g:l.+o rise to an average power !
| FIRST LIRE OF nfj Pp=Wie LAY~ i
| Ly T T |
' L. . B ]
1
|
|

- e

This equation corresponds to a wavelof rectangular current pulses with a ]
§
{
' repitition rate £'s 1 |
, - |
‘ Since T is several orders greater tl;un $, a simple caloulation shows that a
pulse wave with an average power of only?lo w will cause a solitary-pulse impaot

' with a power of many kilowatts. '

‘ The electric~-spark method of working metals, based on the use of the phonauu
. accompanying the pulsed liberation of electrical energy in a discharge gap, is

. easy to control. With the aid of this very powerful technique it becomes possiblo
to work any electrically conducting mtorinl regardless of its physicochemical
properties (hardness, viscosity, -olting! point, chemical composition, ets.)

i without using an instrument made of hardor material, The working elect 4e is
usually made of brass, cast or uncast 1r§n. graphite, or aluminum, No ¢ ..ting
instument (cutters, drills, milling cutt:orl. broaches, abrasives, etc,) is
required in this case. ' ;

| Pulsed generation of energy in the vorking zone enadbles us to perform, with

e §

- an oqm degree of success, such opentions as the cutting of metals, ‘making holes.

[UOE

. of any shape and dimensions in them, grinding + applying coatings, changing the strushue
o*' 'Ehi“iﬁrnco. eto, With the aid of the oioctric-oput method it is pouiblo’t’o'cari‘y

o e

i out a, nxnbor of tochnologioal processes Abaolutoly unfouiblo by any othor uthod.,

TN . r‘y'lr
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L,o. ge. Making non-ciroulu' oponinga with ?urulinur axes, making objects with a
' FIRST LINE OF TEXT

nl.’l thickness of several tens of micron‘ otc. The economic efficiency of all

l these processes is very high. l |
. l | !
: In accordance with the new, electri“l method of metal removel the structure |

. | of the "machine" with the aid of which the treatment is accomplished also changu.!

l

A l

} forces involved in the concept of a metnl-working machine, The main working organ!
1

i o the apparatus fo:_.' :loctrioflpaxt vorlcing 13 an olectrical ~snergy pulse source,

|
FIRST, LINEN OF TiTLE g
’
i

There is no longer any need for all the buic components transmitting the mochnniofal

| which generates current pulses with give:lx time and power characteristics. The
| kinematic part of the apparatus becomes ab auxiliary element.

| Since electricespark metal -working Eis an electrical process, its complete
automation presents no great complexity.! Automatic electric-spark apparatuses
have been produced and are already operatfing in industry, Some of these
apparatuses operate according to a preas.;ignod program.

In conclusion, it should be noted tl%mt from our point of view electric-spark
metal-working is remarkable not only ror’v‘the faot that it made possible a roductiop
in the volume of work formerly dome by mo;ohnnioal cutting, nor even for the fact that
a number of new progressive technological processes sppeared, The most remarkable
thing is that from now on the designer, the creator of new machines, is freed fro.
the burdensome necessity of constantly rqckon:l.ng with the capricious requirements T
of technologists with respect to the workiability of materials. Now the designer
can take any material and specify in uu;nco any process of dimensional working.
An eleotric spark will repidly and pnoi,l;dy realize all his intentions.

The fast tenpo of development of elsciric-spark metal-working is to a

| considerable degree facilitated by the fact that the Central Scientific Ru’hi'éh"

——e g

hbor;tory of Electrical Working of Matori.ls of the Academy of Sciences of the

OSSR, 2in which the most extensive work 1n this field is concentrated, constlntly*'~

: ooordintu its activity not only with réhtod laboratories in ouwr oountry
. . '
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Lci‘ ting -in-the Academies ol Sciences of the autonomous republics of the USSR
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' problem of working current-conducting materials (metals and their alloys) to the

pulaes give us reason to assume that tho):r should, without question, also be used

; in carrying out various chemical and bio]i.ggioal investigations.
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|
nnd; in ipdustry, but also with analogousl foreign organizations (the Acedemies of

Sci!onou of Caechoslovakia, China, ete.)lr
In spite of the considerable donloflment of electric-spark metal -working,

! .
specialists in this new field are well aware that only initial achievements have

been made and that in the very near futm::-o new, even more remarkablé processes

based on pulsed liberation of electrical| energy will appear.

This assertion is based, firstly, oxlx the fasct that the technological
possibilities of thfgpiaﬂc{;r(icl;ark moth?d of metaleworking are far fram being Z
{ exhausted, The boundaries of applicatioxlx of this process will alwvays expand. In i
the second place, the reliability of thé%informtion obtained concerning the
physical picture of the processes accompianying pulsed liberation of electrical
; energy enabled investigators working in §his field to considerably expand the
boundaries of application of short o].ectri:io-current pulses and to pass from the

|

solution of the problem of dimensional wc;:rking of semiconductors and insulators.

Moreover, the extremely high power charaséteristics of short electric-current

|

| |
1
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